TTLL10 is a protein polyglycylase that can modify nucleosome assembly protein 1  by Ikegami, Koji et al.
FEBS Letters 582 (2008) 1129–1134TTLL10 is a protein polyglycylase that can modify
nucleosome assembly protein 1
Koji Ikegamia, Daisuke Horigomea, Masahiro Mukaia, Itamar Livnatb,
Grant R. MacGregorb, Mitsutoshi Setoua,c,*
a Mitsubishi Kagaku Institute of Life Sciences (MITILS), Machida, Tokyo 194-8511, Japan
b Department of Development and Cell Biology, Developmental Biology Center, and Center for Molecular and
Mitochondrial Medicine and Genetics, University of California, Irvine, CA 92697-3940, United States
c Department of Molecular Anatomy and Molecular Imaging Advanced Research Center, Hamamatsu University School of Medicine,
1-20-1 Handayama, Hamamatsu, Shizuoka 431-3192, Japan
Received 20 February 2008; revised 29 February 2008; accepted 29 February 2008
Available online 10 March 2008
Edited by Noboru MizushimaAbstract Certain proteins can undergo polyglycylation and
polyglutamylation. Polyglutamylases (glutamate ligases) have
recently been identiﬁed in a family of tubulin tyrosine ligase-like
(TTLL) proteins. However, no polyglycylase (glycine ligase) has
yet been reported. Here we identify a polyglycylase in the TTLL
proteins by using an anti-poly-glycine antibody. The antibody re-
acted with a cytoplasmic 60-kDa protein that accumulated in
elongating spermatids. Using tandem mass spectrometry of tryp-
sinized samples, immunoprecipitated by the antibody from the
TTLL10-expressing cells, we identiﬁed the 60-kDa protein as
nucleosome assembly protein 1 (NAP1). Recombinant TTLL10
incorporated glycine into recombinant NAP1 in vitro. Muta-
tional analyses indicated that Glu residues at 359 and 360 in
the C-terminal part of NAP1 are putative sites for the modiﬁca-
tion. Thus, TTLL10 is a polyglycylase for NAP1.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
Keywords: Glycylation; Glycylase; Nucleosome assembly
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Post-translational modiﬁcation (PTM) facilitates dynamic
regulation of a variety of protein properties. Many PTMs in-
volve the reversible addition of a range of molecules of vari-
able size that range from methyl, phosphate, and acetyl
groups, to lipids and small proteins. Glutamylation [1] and
glycylation [2] are unusual PTMs, as the amino acids are added
as homopolymeric chains of diﬀering length that are covalentlyAbbreviations: PTM, post-translational modiﬁcation; NAP, nucleo-
some assembly protein; TTLL, tubulin tyrosine ligase-like; R-polygly,
anti-poly-glycine polyclonal antibody; mAb, monoclonal antibody;
cDNA, complementary DNA; PCR, polymerase chain reaction
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doi:10.1016/j.febslet.2008.02.079attached to a side-chain carboxyl group of individual glutamic
acid residues near the carboxyl terminus of speciﬁc proteins.
These modiﬁcations were originally discovered in tubulins.
Proteins other than tubulin can also undergo these modiﬁca-
tions. Nucleosome assembly proteins (NAPs) are subjected
to glutamylation [3], and 14-3-3 proteins [4] and Hsp70/
Grp170-related protein [5] can be glycylated.
Recent strategies to identify enzymes performing the modiﬁ-
cations have proven successful. Genetic and biochemical ap-
proaches enabled identiﬁcation of tubulin polyglutamylases
(i.e., tubulin glutamate ligases), as well as functions for this
activity in vivo [6,7]. More recently, tubulin polyglutamylases
have been identiﬁed as members of the tubulin tyrosine li-
gase-like (TTLL) family [8–11]. Knockdown of TTLL7, a
polyglutamylase for b-tubulin, demonstrated the essential role
of the b-tubulin glutamylation in neurite growth [9]. In addi-
tion, analysis of ROSA22 mice [6] that lack PGs1, a non-cata-
lytic subunit of a polyglutamylase protein complex with
speciﬁcity for a-tubulin [8], demonstrated that a-tubulin glu-
tamylation is required for intracellular targeting of KIF1 kine-
sin motor and its cargo synaptic vesicles, as well as for
continuous synaptic transmission [12]. In addition, knock-
down of TTLL6 in zebraﬁsh eliminates cilia formation in
olfactory placodes [13]. Despite these advances in our under-
standing of the mechanism and function of tubulin glutamyla-
tion, there remains little information about protein
polyglycylases (i.e., glycine ligases). Here we identify TTLL10
as a glycylase for NAP1 using an experimental approach of
immunoprecipitation of proteins with an anti-poly-glycine
antibody, followed by two-dimensional gel electrophoresis
and mass spectrometry.2. Materials and methods
2.1. Antibodies
The anti-poly-glycine polyclonal (R-polygly) antibody, which was
generated by using Cys-(Gly)9 as a immunogen [14], was the generous
gift of Dr. Gorovsky (U. Rochester, NY). The monoclonal antibody
(mAb) 4A8 for NAP1 was the kind gift of Dr. Ishimi (Ibaraki Univ.,
Mito, Japan) [15]. Additional, commercially available, antibodies used
in this study and their targets were as follows; a-tubulin (mAb DM1A),
FLAG tag (mAb M2, or polyclonal; Sigma–Aldrich, St Louis, MO);
GAPDH (mAb 6C5; Chemicon International, Temecula, CA);
Anti-GFP polyclonal antibody (Medical & Biological Laboratories,blished by Elsevier B.V. All rights reserved.
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(Invitrogen, Carlsbad, CA); HRP-conjugated secondary antibodies
for western blot analysis (Jackson ImmunoResearch Laboratories,
West Grove, PA).2.2. Immunoblotting and immunohistochemistry
Immunoblotting and immunohistochemistry were performed as de-
scribed [9]. Total testicular protein was isolated from C57BL/6J mice
of the indicated age using standard methods. For electrophoresis, Pre-
cision Plus Protein Standards, all blue prestained, (Bio-Rad Laborato-
ries, Hercules, CA) were used as molecular weight markers. For
immunohistochemistry, the stage of spermatogenesis was determined
using criteria as described [16]. In the absence of acrosomal staining,
staging was based on the relative size of pachytene spermatocytes,
the size of round spermatids, the location and shape of elongate sper-
matid nuclei, the size of elongate spermatid cytoplasm, and the dis-
tance between elongate spermatids and lumen of the tubules.2.3. Plasmids
Complementary DNA (cDNA) containing whole coding sequences
of each mouse TTLL protein and NAP1 were cloned by polymerase
chain reaction (PCR). Primers were designed using reference sequences
deposited in the NCBI database. Ampliﬁed coding regions were in-
serted in pCMV-Tag 4A vector (Stratagene, La Jolla, CA). For expres-
sion in insect cells, the full-length coding sequence of mouse TTLL10
was cloned into a pENTR vector (Invitrogen). The insert was moved
into baculovirus-mediated expression vector with GATEWAY system
(Invitrogen). Point mutant and deletion mutants were constructed with
Site-Directed Mutagenesis kit (Stratagene). Plasmids were transfected
using Lipofectamine2000 (Invitrogen) according to the manufacturers
instructions.
2.4. Immunoprecipitation
Tissues or cells were lysed with 20 mM Tris, pH 7.6, 140 mM NaCl,
0.1% Triton X-100. To immunoprecipitate R-polygly-reactive proteins,
the antibody was covalently linked to protein G-sepharose beads (GE
Healthcare) with dimethyl pimelimidate. For immunoprecipitation of
FLAG-tagged proteins, M2 mAb covalently bound to agarose beads
(Sigma) was used. The beads were added to centrifuged tissue or cell
lysates then incubated at 4 C for a few hours. Bound proteins were di-
rectly eluted in electrophoresis sample buﬀer.
2.5. Two-dimensional electrophoresis
Immunoprecipitates were resolved in lysis buﬀer (7 M urea, 2 M
thiourea, 4% CHAPS, 40 mM DTT, 2% IPG buﬀer (pH range 3–11),
containing Complete EDTA-free protease inhibitor cocktail (Roche,
Indianapolis, IN). First and second-dimension electrophoresis was per-
formed according to the manufacturers instructions. Proteins on the
gel slabs were stained with SyproRuby (Invitrogen). Signals were visu-
alized with a UV transilluminator.
2.6. Mass spectrometry
Protein spots were excised. Preparation of samples was performed as
described [12]. ZipTip (Millipore) was used to desalt the sample. Eluted
peptides were applied to Prespotted AnchorChip (Bruker Daltonics,
Bremen, Germany), which was prespotted with an a-cyano-4-hydroxy-
cinnamic acid matrix. Mass spectrometry was performed with a
MALDI-TOF MS instrument, ULTRA FLEX II TOF/TOF (Bruker).
Data acquisition was performed in a positive ion mode using an exter-
nal calibration method with a peptide mixture of bradykinin 1–7
([M+H]+: 757.40), angiotensin II ([M+H]+: 1046.54), angiotensin
I ([M+H]+: 1296.68), neurotensin ([M+H]+: 1672.92), renin substrate
([M+H]+: 1758.93), ACTH clip 1–17 ([M+H]+: 2093.09), ACTH clip
18–39 ([M+H]+: 2465.20), and ACTH clip 1–24 ([M+H]+: 2932.59).
2.7. In vitro enzyme activity assay for polyglycylase
Glutathione-S-transferase-fused mouse TTLL10 and mouse NAP1
synthesized in insect Sf9 cells were puriﬁed by chromatography on glu-
tathione-sepharose 4B beads (GE Healthcare). Enzyme activities were
quantiﬁed by measuring incorporation of 3H-labeled glycine into sub-
strates. After reaction at 30 C overnight, radioactivity incorporated
into NAP1 was quantiﬁed using a Winspectral 1414 liquid scintillation
counter (Wallac, Turku, Finland) for 1 min.3. Results
3.1. R-polygly antibody detects cytoplasmic proteins in mouse
spermatids
As no report has used the R-polygly antibody [14] in mam-
malian tissues and cells, we ﬁrst examined what the antibody
detected in extracts of mammalian (mouse) tissues. The stron-
gest signal was observed in testis with 60 kDa migrating po-
sition in SDS–PAGE (Fig. 1A). We next investigated if the
antibody was capable of immunoprecipitating the protein de-
tected. Under the conditions used, the 60-kDa protein band
detected in testis was immunoprecipitated by the R-polygly
antibody (Fig. 1B).
To identify where the protein identiﬁed by R-polygly anti-
body was expressed in testis, we performed immunohistochem-
istry. The antibody cross-reacted with protein localized in
spermatids (Fig. 1C). During spermiogenesis, signals were ﬁrst
observed in the cytoplasm of round spermatids between steps
6–8 (Fig. 1C, lowest row). The intensity of the signal increased
within the cytoplasm of elongate step 14–15 spermatids
(Fig. 1C, top row), before becoming reduced in later stage elon-
gate spermatids (Fig. 1C, middle row). Results of western anal-
ysis of total protein isolated from testis of prepubertal mice of
diﬀerent ages supports the conclusion that the protein accumu-
lating in elongating spermatids is the 60-kDa protein (Fig. 1D).
These results indicate that glycylation of the 60-kDa protein
accumulates in cytoplasm of spermatids during spermiogenesis.3.2. TTLL10 performs polyglycylation of NAP1 in vitro and
in vivo
Both we, and others [10], have predicted that TTLL family
members other than those that show glutamylase activity on
tubulin or NAP would display glycylase activity. To identify
protein glycylase(s), we expressed cDNA clones containing
all currently identiﬁed TTLL proteins in HEK293T cells and
screened total cell protein extracts with the R-polygly anti-
body. Ectopic expression of TTLL10 generated a signiﬁcant
increase in an R-polygly-reactive protein migrating at
60 kDa (Fig. 2A).
To identify the substrate of TTLL10, we immunoprecipi-
tated the 60-kDa protein using R-polygly antibody (Fig. 2B).
Two-dimensional electrophoresis was used to separate the
immunoprecipitated protein from immunoglobulin heavy
chains and the protein was concentrated as a few spots at a po-
sition of pI 4 and 60 kDa (Fig. 2C). Tandem mass spectrom-
etry of trypsin digests of the protein eluted from the spots
revealed that the protein was NAP1 (Fig. 2D). This observa-
tion was veriﬁed by western blot analysis with a monoclonal
antibody against NAP1 (Fig. 2E). The majority of NAP1 re-
mained in ﬂow-through of immunoprecipitation whereas al-
most all glycylated proteins were adsorbed to the R-polygly
antibody and eluted into precipitated fraction (Fig. 2E), sug-
gesting that only small proportion of endogenous NAP1 was
glycylated by TTLL10. The testicular 60-kDa protein precip-
itated with the R-polygly antibody was also detected by the
anti-NAP1 mAb (Fig. 2F). FLAG-tagged NAP1 immunopre-
cipitated with an anti-FLAG antibody from cell lysates
co-expressing EGFP-TTLL10 was strongly detected by the
R-polygly antibody (Fig. 2G).
To investigate whether TTLL10 displays glycylase activity
on NAP1, we performed in vitro enzyme activity assay with
Fig. 1. Detection of polyglycylated proteins in mouse tissues: (A) Western blot analyses of adult mouse tissues with R-polygly antibody. Testis
showed strongest signal at approximately 60 kDa. (B) Immunoprecipitation of the 60-kDa protein from testis. The 60-kDa protein detected in testis
lysates was immunoprecipitated. (C) Cytoimmunoﬂuorescence analyses of R-polygly-reactive proteins in testis. The immunoreactivity was localized
in cytoplasm of spermatids. Elongating spermatids showed strongest signals, with weaker signals in round spermatids. TOTO-3; a DNA dye for
staining nuclei. DIC; diﬀerential interference contrast microscopy. Scale bar, 20 lm. (D) Western analysis of testis protein isolated from mice at 15,
20, 25, 30, and 38-day and adult (12-week) age. Accumulation of the polyglycylated 60-kDa protein in mice older than 25 days is consistent with the
localization of the same protein detected in panel C.
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of incorporating glycine onto the recombinant NAP1 in vitro
(Fig. 2H). Recombinant TTLL10 enzyme activity was abol-
ished when the reaction mixture lacked ATP or when a mutant
of TTLL10 was used, in which the glutamate within the active
site was replaced by valine (E499V) [8,9] (Fig. 2H). Taken to-
gether, these ﬁndings indicate that TTLL10 can function as a
protein glycylase for NAP1 in vivo and in vitro.3.3. Glycylation of NAP1 by TTLL10 requires Glu residues at
359 and 360 in the C-terminus of NAP1
NAP1 can be glutamylated at Glu-356 and -357 in the C-ter-
minal Glu-rich regions [3]. To investigate which Glu residues
are required for polyglycine ligation to NAP1, we generated
various mutants of NAP1 (Fig. 3A), and co-expressed
each of them with TTLL10. To separate ectopic NAP1 from
co-immunoprecipitated endogenous NAP1, we used
Fig. 2. Identiﬁcation of TTLL10 as a glycine ligase for NAP1 in vitro and in vivo: (A) Screening of HEK293T cells expressing thirteen TTLL proteins
with the R-polygly antibody. In TTLL10-expressing cell lysates, there was a signiﬁcant increase in a 60-kDa protein detected by the antibody. (B)
Immunoprecipitation of the 60-kDa protein. Note that non-speciﬁc R-polygly-reactive proteins present in control samples and TTLL12-generated
proteins were not precipitated with the antibody. (C) Two-dimensional gel electrophoresis resolution of the immunoprecipitated protein. Arrow
indicates spots observed only in TTLL10-expressing sample. (D) Tandem mass spectrometry of trypsin digests of the immunoprecipitated protein.
The sequences corresponding to the peaks are listed in the box. The peptide sequence in red was further identiﬁed by tandem mass spectrometry. (E–
G) Immunoprecipitation-western blot analyses. Protein immunoprecipitated from TTLL10-expressing cell lysates or testis lysates with the R-polygly
antibody was detected by an anti-NAP1 antibody (E and F). Almost no glycylated proteins remained in ﬂow-through (FT) in panel E. FLAG-NAP1
immunoprecipitated from lysates of cells co-expressing TTLL10 was detected by the R-polygly antibody (G). Note that FLAG-NAP1 co-expressed
with wild-type TTLL10 displayed both slightly slower mobility and blurred tailing in electrophoresis, indicative of change of molecular weight by
addition of multiple glycines (G). (H) In vitro enzyme activity of TTLL10. The activity was measured by [3H]-glycine incorporation into recombinant
NAP1.
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TTLL10 (Fig. 3B). Substitution of either Glu-359 or -360 with
Asp caused a loss of the reactivity to the R-polygly antibody
(Fig. 3D), whereas either multi Glu repeats in 363–368
(Fig. 3C) or glutamylation sites (Fig. 3D) were dispensable.
These indicate that both Glu-359 and -360 are potential sites
for TTLL10-mediated glycylation.4. Discussion
We have identiﬁed TTLL10 as a glycylase (i.e., glycine ligase)
for NAP1. The TTLL10 enzyme activity detected was extremely
low. In vivo, TTLL10 glycylated only a small portion of totalNAP1, and in vitro, it required more than 20 h to make glycylat-
ed NAP1. Given that an oligo-peptide composed of nine gly-
cines was used as the antigen for generating the antibody
used, we should detect ‘‘poly’’-glycine side chains on NAP1. A
plausible explanation for the relatively low protein glycylase
activity observed is that TTLL10might serve as an elongase that
can only add glycines to the carboxy terminus of a glycine pre-
viously attached by an initiase to a c-carboxyl group of glutamic
acids in NAP1 backbone. If cells lack initiase activity, addition
of poly-glycine chains would be diﬃcult to be detected. There is
precedence for this mechanism involving tubulin polyglutamy-
lation [10]. Other TTLL proteins might perform initiation.
TTLL proteins were initially identiﬁed as a family harboring
tubulin glutamylases. Available evidence and phylogenetic
Fig. 3. Amino acids of NAP1 required for NAP1 to be glycylated: (A)
Alignment of C-termini of mouse NAP1 mutants used. Glu (‘‘E’’)
residues in C-terminal acidic domain are colored. Green text indicates
the sites for glutamylation [3]. Glu residues colored red were required
for glycylation. Asp (‘‘D’’) residues replacing Glu are colored magenta.
A summary of the relative ability of each protein to be glycylated is
shown on the right side. (B–D) Western blot analyses of NAP1
mutants with the R-polygly antibody. The D371-NAP1 (white arrow-
head) is distinguishable from co-precipitated endogenous NAP1 (black
arrowhead), with both species detected by the R-polygly antibody (B).
Substitution of all Glu residues between 363 and 368 with Asp did not
aﬀect the ability to be a substrate for TTLL10 (C). Replacement of
either Glu359 or 360 by Asp is suﬃcient to cause a loss of reactivity to
the R-polygly antibody, while substituting the glutamylation sites with
Asp residues did not impair the NAP1 ability to be glycylated by
TTLL10 (D).
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constitute a glutamylase subfamily [8–11]. Based on the simi-
larity in the PTMs, both we and others predicted that some
of the remaining TTLL proteins (TTLLs 3, 8, 10, and 12)
are glycylase(s). Surprisingly, none of the individually ex-
pressed constructs generated tubulin polyglycylation (Ikegami
and Setou, unpublished observation). Some TTLLs may have
only initiase activity, and thus we simply failed to detect such
‘‘mono’’-glycylated tubulins with the R-polygly antibody.
Alternatively, it is possible that co-expression of such initiases
with TTLLs having elongase activity is required for generating
‘‘poly’’-glycylated tubulins up to detectable level. Additional
studies involving co-expression of diﬀerent combinations of
TTLLs are required to discriminate between these possibilities.
NAP1 was originally identiﬁed as a histone chaperone
[15,17–19]. This function of NAP1 relies on its ability to bind
histones. Inspection of the three-dimensional structure of
NAP1 suggests that the acidic surface of the NAP1 dimer con-
tributes to the interaction between NAP1 and histones [20].
The C-terminal acidic domain participates in the interaction
[21]. Addition of poly-glycine chains to the C-terminus could
block the acidic eﬀect, either by steric hindrance of the electro-
static charge, or even simpler by preventing the acidiﬁcation
caused by polyglutamylation as the modiﬁcation sites were
close to each other. Thus, the blockade of acidic C-terminuscould reduce NAP1s ability to interact with basic histones.
Alternatively, glycylation might aﬀect nuclear import of
NAP1, as the import of NAP1 into nucleus depends on the
C-terminal acidic domain [22].
Glycylation occurred during spermiogenesis. The timing of
appearance of polyglycylation during mouse spermatogenesis
is coincident with cessation of transcription that begins in step
8 spermatids. An interesting hypothesis is that glycylation of a
proportion of NAP1 modulates NAP1-histone interactions,
including their ability to mediate H2A/B exchange and nucleo-
somal sliding required for transcription. Hence, glycylation of
NAP1 could play a role in mediating transcriptional repression
during spermiogenesis. Second, the spermatid nucleus alters
shape dramatically during spermiogenesis, becoming highly
compact through replacement of histones by protamines.
NAP1 can also facilitate decondensation of highly condensed
sperm nuclei [23]. Hence, glycylation might counteract the
NAP1 function, thereby promoting initial replacement of his-
tone octamers with the transition proteins, followed by prota-
mines. One possible reason why NAP1 polyglycylation was
detected exclusively in elongating spermatids may lie in the fact
that replacement of histones with transition proteins, then
protamine occurs exclusively in these cells.
In summary, we have demonstrated that TTLL10 has poly-
glycylase (protein glycine ligase) activity, that this enzyme can
modify NAP1 and that a proportion of NAP1 is polyglycylat-
ed during spermiogenesis in mice. Ttll10 is expressed in mouse
testis [10] and analysis of NCBI EST database identiﬁes four
independent Ttll10 EST cDNA clones (Accession Numbers
CF105733.1, CF105131.1, BF021739.1 and BF319334.1) pro-
duced from RNA isolated from puriﬁed round spermatids.
These data indicate that NAP1 is capable of being modiﬁed
by polyglycylation via TTLL10 in cells in culture and that this
modiﬁcation could also be performed by TTLL10 in mouse
spermatids. Based on those ﬁndings, we speculate that glycyla-
tion of nucleosome assembly protein contributes to two pro-
cesses during spermiogenesis; i.e., regulation of
transcriptional activity, as well as histone replacement and
chromatin remodeling.
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